Polished sections of tuyere coke were studied by optical and scanning electron microscopy and wavelength-dispersive analysis (WDS) to reveal structural and chemical changes occurring with mineral phases (Kand Na-, ϮCa-bearing aluminosilicates). The aluminosilicates in the tuyere coke form new compounds, which occur as particles with smooth outlines (spherules and irregular segregations), which are of larger size than their parental particles. The depth of the diffusion zone between particles of the parental mineral phases and new phases was found to be 5-20 mm, and it reflects a trend towards reducing free surface energy. It was determined that total KϩNa drops from the parental particles to the new phases. Relative enrichment of K over Na (increase of K/Na at ratio) was traced from the parental mineral phases towards the final agglomerated phase, which may indicate an Na excess in the circulating gases and/or the carbon phase of the coke. On the other hand, the K/Na at ratio decreases during formation of spherules that point to loss of K. Micrometers-range WDS profiles across the spherules revealed variable alkali behavior, with some spherules characterized by a strong negative correlation of alkalis, indicating ordering of the alkali cations and the existence of K-Na substitution. The alkali total (KϩNa) and balance (K/Na) changes observed during this study suggest that at least one point of alkali escape begins upon the release of these elements during the formation of spherules and irregular segregations of K-and NaϮCa-bearing aluminosilicates.
Introduction
Metallurgical coke is a key material for blast furnace (BF) operation, acting as 1) : 1) a fuel, 2) a reductant, 3) a carburisation agent, and 4) a structural support. It made of several blends of coal by heating their mix in coke batteries. The amount and the nature of mineral matter in metallurgical coke are regarded as factors having a considerable effect on coke properties and its behavior in the BF. [2] [3] [4] However, the data on mineral matter in coke from the BF are still scarce 3, [5] [6] [7] and its behavior during coke degradation in the BF is still poorly understood. The scarcity of data is related to the fact that the coke, as it charged into the BF together with the burden material, is no longer available for direct observation, so that coke samples from inside the BF can be obtained only after shut-dow, 3, 5, 6) or can occasionally be "...extracted through a tuyere of a blast furnace". 7) According to Finkelman, 8) coals contain a wide range of minerals (more than 125 mineral species have been identified so far), and one can suggest that the high temperature conditions involved in coking processes can cause various phase transformations and lead to the formation of a number of new phases, commonly known as "ashes", the "generic term for the various solid products of the coal consumption process". 9) According to Nickel, 10) the new phases produced by man from natural minerals cannot be regarded as minerals: "If such substances are identical to minerals, they can be referred to as "synthetic equivalents" of minerals in question". 10) Some minerals originating from coal can nevertheless remain unchanged at least chemically during coking. Quartz, SiO 2 , for example, has several temperature-related polymorphs, including reversible ones, with the same chemical composition.
11) It should also be noted that there are a few other coal-associated minerals in which no substantial changes take place, e.g. spinels, 12) which are stable at high temperatures, although spinels are quite rare in coals. We also believe that the term "ash" does not fully reflect the nature of the inorganic matter in coke, so that we prefer in this paper to call all "ash"-forming compounds in coke "mineral phases" when there is a need to refer in general to actual minerals, temperature-related polymorphs, "synthetic equivalents" of minerals and phases for which no natural analogue is known.
The changes that occur in the mineral phases in BF coke can be regarded as both structural and chemical. Some features of such changes have been reported by Kerkkonen. 3)
The structural changes, in particular, include expansion of meta-clays, swelling and balling-up of aluminosilicates, while the chemical changes in the mineral phases are more complex and include (but are not limited to) mineral phase decomposition, alkalisation and the formation of new crystalline and glass phases. Alkalisation causes satu-ration of the "meta-kaolinite" and "meta-illite" by alkalis, at least in the cohesive and stagnant zones, and leads to the appearance of phases 3) close in composition to kalsilite (KAlSiO 4 ), leucite (KAlSi 2 O 6 ) and nepheline ([Na,K]AlSiO 4 ). For better understanding of evolution of mineral phases in the BF coke it is essential to locate new phases along with their parental particles in order to trace compositional changes from one to another and, possibly, make suggestion on behaviour of various (including alkalis) elements. The investigation of behaviour of elements on mineral level is not a substitute of bulk analysis of ashes in the coke before and after reacting. The "mineralogical" research is a separate (more detailed) part of studies of chemistry of coke. We describe in this paper particular cases of structural and chemical changes of coke with alkali-saturated phases in the tuyere zone.
Samples and Methods
Three pieces of tuyere coke were sampled from drill core 130303203 drilled in the tuyere zone of the BF in the Rautaruukki Steel Works at Raahe, Finland by a mobile tuyere rig. The samples were selected from places where the coke surface was covered by numerous particles differing in size, colour and shape. The samples, from locations corresponding to the 135, 150 and 210 cm levels (depth in the tuyere zone) in the drill core, were sliced into plates of thickness ca. 5 mm, after which 22 mm circles were drilled to obtain rounded plates, which were mounted in one-inch plastic holders and filled with epoxy for the preparation of polished sections. The grinding and subsequent polishing took place according to a tailor-made procedure (Mr. T. Kokkonen), in order to minimize the deformation effects known to occur in coke samples.
The polished sections were first studied by optical (reflected light) microscope. After that they were investigated at the Institute of Electron Optics, University of Oulu, Finland with a Jeol JSM-6400 scanning electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS) and INCA software. Back-scattered electron (BSE) images were collected and the phases were preliminarily identified using the EDS. The mineral phases identified by EDS analysis that had the best polishing features, with no scratches or relief, were selected for further investigations. Finally, the polished sections were analysed by wavelength dispersive spectrometry (WDS analysis) at the Geological Survey of Finland, Espoo, Finland, using a CAMECA SX-50 electron microprobe. Conditions for WDS analyses were: accelerating voltageϭ15 kV, beam currentϭ20 nA and beam diameter 1-3 mm. Both natural minerals and pure metals were used as standards. All the analyses were recalculated to atomic proportions and normalized to 100% for data processing and plotting.
Results and Discussion

Occurrence of Mineral Phases in the Tuyere Coke
The optical and SEM studies pointed to differences in shape and distribution between the mineral phases in the tuyere coke and those in primary coke. Where the latter is usually characterized by the presence of particles with sharp boundaries disseminated irregularly in a carbon matrix, features resembling the original clastic structures preserved from coals and man-made structures that occur during coal crushing before coking. Signs of coal-related structures in the tuyere coke could be detected, for example in places where layered structures are present.
The mineral phases in the tuyere coke form a wide range of new compounds, from complex aluminosilicates to binary phases, including oxides, silicides, phosphides and sulphides (i.e., Al 2 O 3 , Fe 3 Si, Fe 3 P and CaS), which could be identified by EDS analysis. The silicides and a few other phases sometimes occur in well-shaped crystalline forms, while in other cases they are of irregular shape and form intergrowths. The K-and Na-(ϮCa-) bearing aluminosilicates also occur in particles of various shapes, but mainly with smooth outlines. Among the most common shapes for the aluminosilicates in tuyere coke are spherules (Figs. 1 and 2) and irregularly shaped segregations (Fig. 3) , which are larger in size than closely located their parental particles and mineral phase particles in primary coke. The reason for the formation of new, large phases is related to the tendency to reduce surface free energy (the work required to form a surface), whereupon atoms presumably move from particles of smaller size to particles of larger size. Particles of new phases in some cases were found near their parental particles and these were among the main objects of the investigations in order to get better understanding of mineral phases evolution in the BF by tracing compositional changes from one to another, especially for alkalis behaviour.
Sample 135 in Fig. 1 provides an example of the development of a completed spherule (marked as p1), which grew in a relatively small, elongated pore of ellipsoidal shape and filled it along its short axis. The pore walls were covered with moss-like aggregates (dendrites) of mineral phases, probably the result of condensation of mineral matter from circulating gases at relatively high temperatures. The later process can be compared to some extent with mineral formation from a fumarole, a discharge of steam from a volcanic system. 13) The occurrence of spherules in sample 150, Fig. 2 , resembles the "porphyritic-like" structures in which rela- Fig. 1 . Spherule p1 and location of WDS profiles 57-67 and 68-81 (see Table 1 for analyses). Scale bar 60 mm.
tively large spherules occur among disseminated smaller particles of their parental phases. This sample also represents a different, more complex case of the formation of mineral particle shapes varying from irregular "polygonal" grains to spherules (Fig. 2(b) ). Particles p2, p3 and p4 originated from one source of disseminated mineral phases, which form a large area with a layered structure (probably a former clay particle or aggregate of sheet silicate), shown under lower magnification in Fig. 2(a) . The appearance (growth) of spherules in this area starts from the external side, and the area of parental particles is surrounded by newly formed spherules. Particle p2, occurs inside the coke, without exposure to the pores, and has a "polygonallike" shape, so that it was interpreted as originating from an initial stage of mineral phase agglomeration. It should be noted that p2 is surrounded by a relatively thin zone of width ca. 5 mm, which is free of small parental particles, as it is dark in appearance in the BSE image. Particle p3 is attached to a pore wall and has a spherical surface in the part where it is open to the pore. The width of the zone, which is free of mineral phase particles near p3 is about 12 mm, larger than that near p2. This probably indicates that the driving force for the diffusion of small parental particles towards the larger new phase was stronger for p3 than for p2. Finally, particle p4 is an example of a nearly complete process of spherule formation. The diameter of this spheroidal particle along the analytical profile 90-98 is about 50 mm, while depth of the zone, which is free of mineral phases, is 17-20 mm. It seems that particles p2, p3 and p4 probably represent various stages of spherule formation and that the depth of the zone of movement of particles of smaller size to particles of larger size increases from p2 to p4. In the final stage of spherule formation this zone can be as much as 1/3 of the spherule diameter. A different appearance for mineral phases is shown in sample 210, Fig. 3 . In the upper part of the BSE image there is a relatively large area of mineral phase particles with relicts of a layered structure (Fig. 3) . The particles here are partly agglomerated and in one case form a relatively large agglomerated zone (marked as p5 in Fig. 3 ). Table 1 for analyses). Scale bar: a) 1mm; b) 100 mm. Fig. 3 . Irregular segregation p5 and location of WDS data 150-159 (see Table 1 for analyses).
This zone is elongated in shape, with a length/width ratio of ca. 5 : 1. It seems that the conditions for particle agglomeration in this case were different from those reported above. It is interesting to note that the same BSE photograph also indicates the presence of a complete spherule (marked as p6 on Fig. 3 ), which occurs just across the same pore that is in contact with the elongated aggregate. Assuming that the temperature and gas conditions for the elongated aggregate and for the complete spherule were the same, the differences in shape must be related to the composition of the parental particles from which these two varieties were formed.
Chemistry of Some Mineral Phases in the Tuyere
Coke The electron microprobe data on the mineral phase particles are given in Table 1 . A total of 57 microprobe analyses were used here to reveal the chemical features of the processes that led to the formation of spherules and irregular segregations of mineral phase particles.
WDS profiles across the complete spherule p1 (Table 1 , analyses 57-81; Fig. 1 and Fig. 4) showed that K and Na have a strong negative correlation (R K,Na ϭϪ0.80; Table 2 ), indicating ordering of alkali cations within the spherule and the existence of K-Na substitution in it. The calculated K/Na at ratios for this spherule are within the range 0.69-1.1 (Table 2) , the average being 0.99, which suggests almost equal atomic proportions of K and Na within the spherule (ca. 5.5 at % for both) but with differences near the surface. The alkali content was found to change dramatically toward to the surface, especially along profile 68-81 (Fig. 4) , indicating a K deficit (excess?) in this zone. The start and end points for WDS profile 68-81 were closer to the spherule surface than those for profile 57-67 and it is probably for that reason that the changes in alkali content along profile 68-81 are more obvious. There were no parental particles left near this spherule, so that it was not possible to compare the "primary" and resulting compositions.
There is a clear difference between the K and Na concentrations in WDS profiles across the nearly complete spherule p4 in sample 150 ( Fig. 2 and Fig. 5 ; Table 1 , analyses 82-98). The low correlation between K and Na (Table 2) is probably reflect a lack of alkali ordering, i.e. a random distribution in this glassy phase. Nevertheless, there is a notable increase in K and to a lesser extent in Na (distribution curve angle) towards the spherule surface (Fig. 5) . The K/Na at ratios here are within the range 1.28-1.81 (average 1.65), which is considerably higher than in spherule p1, sample 135. Other interesting data were obtained by comparing WDS profiles 82-89 and 90-98 on spherule p4 with analyses of the parental particles for this spherule ( Table 1 , analyses 133-137, see Fig. 2 for locations of the spots). Since spherule growth in the area with a layered structure (probably a former clay particle or aggregate of sheet silicate, see Fig. 2(a) ) began from its external side, it is obvious that the composition of the particles in its internal part is less markedly altered and closer to the "original" one. It was found that the K/Na at values for these particles lay within the range 1.61-1.84, the average being 1.77 (Table 2) , indicating a relative decrease in K from the "original" (parental) phases to the spherule. There was also a decrease in total alkali in the new phase (average Kϩ Na at ϭ10.11%) relative to the parental particles (average KϩNa at ϭ11.54%). If we omit certain anomalous K and Na values near the spherule surface from the calculation, the drop in total alkali towards the new phase becomes even more obvious.
A different type of alkali behaviour was observed for the particles in sample 210 (Fig. 3) . Here five WDS analyses (Table 1 , analyses 150-154) were carried out within an area composed of a newly formed mineral phase of irregular shape, while the other five (Table 1 , analyses 155-159) represent the parental particles which were the source for the new phase. In order to interpret the data and prepare the plots, the average for the analyses 150-154 was calculated and the points for analyses 155-159 were projected onto the profile I-II (Fig. 6) "connecting" the parental particles and the new phase. The profile was designed to trace alkali behaviour in this direction. It was found that the primary particles had K/Na at values within the range 1.67-2.55 (average 2.16, Table 2 ), while the range for the newly formed mineral phase of irregular shape was 2.98-3.14 (average 3.03, Table 2 ). Thus, in contrast to the formation of p4, there is a clear sign of K enrichment over Na towards the new phase (Fig. 6) , although total K+Na drops from 11.19 at.% (average) in the primary particles to 9.49 at % (average) in the new phase. Na decreases more markedly than K, as can be seen from distribution curves (Fig. 6) . The small range of K/Na variations in the final phase (2.98-3.14) by comparison with the relatively wide varia- ( Fig. 1, Table 1 ).
Fig. 5.
WDS data for 82-89 and 90-98 profiles for spherule p4 ( Fig. 2(A) , Table 1 ). Table 2 . Summary on alkali data for spherules, irregular segregations and their parental particles of K-, Na-and Ca-bearing aluminosilicates.
tion in this value in the parental particles (1.67-2.55) can be a sign that a certain degree of homogenisation has occurred during agglomeration. When comparing the newly formed phases p1, p4 and p5 (Tables 1, 2; Fig. 7) , bearing in mind that they were taken from different levels (135, 150 and 210 cm), a substantial decrease in Ca content and K/Na at ratio can be observed in this direction, i.e. from being close to 1 in p1, at 135 cm, the K/Na at value rises through 1.65 at 150 cm to 3.03 at 210 cm. Thus the role of K in the new phases increases in the deeper parts of the tuyere zone. Summarising the data on particles p1 and p4, we propose the generalized models for the shape transformations and related compositional changes shown in Fig. 8 .
The observed differences in alkalis behaviour in the studied particles are, most likely, related to properties (composition, crystalline features) of primary phases. The higher concentrations of alkalis on the spherule surfaces reflect the tendency to "expel" some "unwanted" elements in order to form more stable phases (e.g., spinel and corundum) under given conditions. Thermodynamics of K and Na behaviour on spherule surface and its dependence on primary phase are yet to be studied. A comprehensive analysis of the compositional features of the phases with respect to other elements was behind the scope of this study, but we should mention the presence of S and Cl in the samples (Table 1) . Despite its very low (close to background) concentrations, Cl can provide useful information on the structural features of the hosting phases, 14) but special investigations are required for this purpose.
Conclusions
The conclusions to be drawn from this study are:
-Tuyere coke undergoes substantial structural and chemical changes. -The aluminosilicates in tuyere coke form new compounds, which occur as particles with smooth outlines. Among the most common shapes are spherules and irregular segregations, which are of larger size than the "original" mineral phase particles. -The formation (growth) of spherules from particles, which belong to aggregates with a layered structure starts from their external side. The compositions, which are closest to those of the original particles, can be found in the middle parts of these aggregates. -Total KϩNa decreases from the "parental" particles to new phases. -In the case of an agglomeration of mineral phases into an irregular mass, K and Na observe a positive corre- . WDS data projected to profile I-II (Fig. 3 , Table 1 ). Fig. 7 . K-Na-Ca (at%) plot for compositions of mineral phases in the tuyere coke (Table 1) . Fig. 8 . Generalized models of shape transformations and related compositional changes for formation of spherules (Plate (a), particle p4) and irregular segregations (Plate (b), particle p5) of K-and Na-, ϮCa-bearing aluminosilicates.
lation. A relative enrichment of K over Na was detected from the parental mineral phases towards the final agglomerated phase, which may indicate an Na excess in the circulating gases and/or in the carbon phase of the coke. -In the case of formation of spherules, K/Na at ratio decreases from the "parental" particles to new phases that point to loss of K. -Some spherules show a strong negative correlation between K and Na, indicating ordering of alkali cations within the spherule and the existence of K-Na substitution in it. -Although preliminary, the data show a loss of Ca and an increase in the K/Na at ratio in the mineral phases towards the deeper part of the tuyere zone. -The depth of the diffusion zone between the particles of the parental mineral phases and new phases was found to be between 5-20 mm, reflecting the trend towards a reduction in free surface energy. The more a particle grows, the wider the diffusion zone, which surrounds it becomes. At a stable temperature, the process should stop when all the parental particles of a certain composition (phase) have been exhausted and have moved towards new, larger phases. The next step in phase transformation can take place when the temperature changes, but until that the alkali behaviour should remain more or less stable, at least with respect to a given mineral phase. -The changes in total alkali (KϩNa) and the alkalis balance (K/Na) suggest that at least one point of alkali escape from the parental mineral phases ("kalsilite, leucite and nepheline" etc.) begins upon the release of these elements during the formation of spherules and irregular segregations of K-and Na-, ϮCa-bearing aluminosilicates. The universality of the approach applied in this study is that the investigation of the pair "primary phase-new phase" can be done for any compositions. However, the data obtained here are preliminary and should be approached with caution. More research is needed to support or contest these conclusions. In particular, much more extensive analytical (WDS) data on a wide range of mineral phase particles would be needed in order to gain a better understanding of alkali behaviour in tyuere coke and to draw more reliable conclusions. New analytical investigations should include statistically sufficient number of pairs "primary phase-new phase" to fulfil the scarcity of the data available. Further, careful studies are needed to determine mineral forms, which incorporate Na and K after these elements, partly of fully, "left" spherules and irregular slag segregations of mineral phases. In addition, the whole spectrum of elements amenable to electron-microprobe (WDS) analysis should be explored with application of complex statistics. Other tools and methods need to be used. For example, Computer-Controlled Scanning Electron Microscopy (CCSEM) was proven to be a very good tool for at least particle size measurements and determinations of elements spectrum in any given phase in coals. [15] [16] [17] 
